We demonstrate the fabrication and characterization of three-dimensional (3D) metamaterials in the terahertz (THz) range using the microfluidic-jetted technique. This technique has proven a convenient technique to fabricate metamaterial structures at the micrometer scale. The metamaterials are fabricated using dodecanethiol functionalized gold nanoparticles on flexible polyimide substrates. The metamaterials consist of alternate layers of single split-ring resonator and microstrip arrays that are stacked to form a 3D metamaterial medium. The fabricated metamaterials, with lattice sizes of 180 μm, are characterized using THz time-domain spectroscopy within 0.1 to 2 THz in the transmission mode. Numerical simulation is performed to calculate the effective metamaterials parameter.
Introduction
Metamaterials are artificial materials that present extraordinary electromagnetic properties that cannot be achieved in natural materials. Metamaterial research has formed a new field of science and engineering that has evolved at a rapid pace in the past few years. Most of the experiments on metamaterials have been performed at microwave frequencies due to the simplicity of fabrication, as well as the ease of transmission and reflection measurements. There is a sustained effort to push the operation frequency of metamaterials toward the terahertz (THz) frequency region. Metamaterials in THz frequency have been introduced by Yen et al. [1] via a two-dimensional layer of split-ring resonator and microstrips with an element size of 50 μm on quartz substrate. Other metamaterials that exhibit electro and magnetic response in the THz region have been described [2] [3] [4] . These structures are fabricated using conventional or advanced clean-room MEMS technology.
In this paper, a novel fabrication technique, namely microfluidic jetting, is demonstrated for three-dimensional (3D) conventional design of metamaterial structures in the THz region. This technique originates from ink-jetted printing techniques [5] , which have been used as precision deposition tools in a variety of manufacturing processes, such as liquid-crystal displays [6] and organic light emitting diodes [7] . The main difference between ink-jet printing and microfluidic-jetted printing is the size of the nozzles used. Ink-jet fabrication techniques offer economic advantages in situations where the deposited material is expensive. The elimination of dies or photomasks in this technique consequently reduces the fabrication cost and time. In addition, the microfludic-jetted technique is a noncontact fabrication method that minimizes contamination of the fabricated layers. The fabricated metamaterials are characterized in the transmission mode from 0.1 to 2 THz using THz time-domain spectroscopy (THz-TDS). The THz signal only responds to the conductive structure, and the 52 μm thick polyimide film, which is fairly transparent between 0.1 and 1 THz, provides a flexible substrate for the metamaterials.
Microfluidic-Jetted Fabrication
The periodic array of split-ring resonators (SRRs) and microstrips was created on a flexible polyimide substrate using the microfluidic-jetted technique. The microfluidic involved in the fabrication was toluene based, with a 2-4 nm particle size of dodecanethiol functionalized gold nanoparticles (DDT-AuNPs) [8] [9] [10] purchased from Sigma-Aldrich. A Dimatix Materials deposition system was used as the primary fabrication tool. However, here in the microfluidicjetted technique, a 9 μm print head was used instead of the typical 21:5 μm print head. This 9 μm print head consists of 16 nozzles with individual nozzles of diameter 9 μm, which provides microdroplets of 1 pl drop volume. These microdroplets are placed drop by drop on the polyimide substrate to form the desired pattern.
Reduction in drop size is a major consideration in improving the resolution or precision of the microfluidic-jetted technique. Thus, quality control and troubleshooting, such as drop placement accuracy, alignment, and overall jetting uniformity, must be studied to improve quality and to allow the technology to expand into high-resolution THz metamaterial fabrication. The details of the fabrication process can be found in Ref. [11] .
In the deposition system, the cartridge angle versus grid spacing was calibrated by the manufacturer based on a 21 μm print head. The cartridge angle, θ ¼ cos −1 ðd=S N Þ, is the angle adjusted to get precise droplet placement, whereas the grid spacing, d, is the minimum spacing between two droplets and S N is the nozzle spacing. The inset diagram of Fig. 1(a) illustrates the nozzles of 21.5 (larger circle) and 9 μm (smaller circle) diameters, where the spacing between the 21:5 μm nozzles is 254 μm. For the 9 μm nozzles, the spacing is 266:5 μm. When the cartridge is tilted, the nozzles are also tilted by the same amount because they are parallel to each other. To switch from a 21:5 μm print head to a 9 μm print head, the angle of the deposition cartridge needs to be recalibrated because of different S N . Figure 1 (a) shows a plot of cartridge angle setting versus grid spacing for the 21.5 and 9 μm nozzles. Careful alignment of the cartridge angle is required for micrometer-size structure deposition. Figure 1 (b) shows an image of a deposited structure for which an incorrect angle of approximately AE1°deviation was used.
The distance between the nozzles and substrate (print height), which is varied from 0.25 to 1:5 mm, is a factor that affects the deposited drop size. Figure 2 shows the drop size versus the printed height deposited at ambient temperature using a 21:5 μm nozzle print head. The curve is saturated at a 1 mm print height, for which the maximum drop size is 58 μm after the sample dries. It is not possible to jet the fluidic below 0:4 mm print height because the nozzle tends to contact the substrate. For samples described in this paper, a print height of 0.5 to 0:6 mm is used.
During fabrication, the jetting performance of the nozzle is controlled by the voltage and force duration, in terms of square waveform, applied to the print head silicon piezo diaphragm [12] . The square waveforms drive the piezoelectric transducer, which generates pressure to eject the single droplets. The waveform setting is divided into four phases. Phase 1 is the beginning of the firing action, where the fluidic is pulled into the reservoir through the inlet. Phase 2 is a drop ejection phase, where the reservoir is compressed and pressure is generated to eject a drop. Phase 3 is the recovery phase, where the piezo voltage is brought back down and the reservoir decompresses, partially refilling in preparation for the next pulse. In Phase 4, the diaphragm goes back to its natural or relaxing position. Each segment has three properties: duration, amplitude, and slew rate. The applied voltage and slew rate are related to how far and how fast the silicon piezo-diaphragm is bent. The duration controls how long the silicon piezodiaphragm is maintained in that position. The voltage and the first two phases have the most impact on the jetting process. Changing the properties in these two phases significantly affects drop formation. Figure 3 shows the waveform setting of the DDTAuNPs solution. Figure 4 shows the jetting satellite droplet with correct and incorrect waveforms, and the image of the structure deposited from the incorrect satellite droplets. An in situ "frozen" image of the droplet is shown in Fig. 5 . The tailing effect is due to the surface tension and viscosity of the deposition fluidic. In our case, where DDT-AuNPs is used, the tailing effect is relatively long due to its low surface tension and low viscosity. Figure 6 (a) shows the nano-Au SRR (top) and microstrip (bottom) structures with a lattice size of 180 μm deposited on a 51 μm thick polyimide Kapton. Figure 6 (b) shows individual images of the deposited SRRs and microstrips, and Fig. 6(c) illustrates the alternate stacking layers of SRRs and microstrip sheets. A maximum of three gold layers are deposited on the substrate, which limits the conductivity of the sample. However, increasing further the number of deposited layers would lead to smearing of the fluidic and degradation in structure resolution.
After deposition, the layer of DDT-AuNPs was annealed at 120-150°C for 30 min to remove the dodecanethiol tail and form a thin shiny gold layer. The post annealed nano-Au surface roughness is found to be even [13] and has no significant scattering effects upon THz measurement. After the gold layer is annealed, a second substrate sheet is stacked on top of the deposited layers. The cleaned polymer substrate adheres well to the deposited layers below. The microstrips were deposited on the second substrate. The final fabrication product is up to six stacking sheets.
Since the sample cannot be removed from the deposited system until the end of the process, and the bottom layers are covered by the top layer, the thickness of the deposited nano-Au layer is difficult to measure using conventional equipment. Thus, the thickness t of one DDT-AuNPs layer is theoretically estimated by equating the volume of the deposited drop, V D ¼ πtðd D =2Þ
2 , and by determining drop volume, V j ¼ ð4π=3Þðd j =2Þ 3 , where d D is the diameter of deposited drop on the substrate and d j is the drop diameter obtained from the jetting image captured by the embedded camera of the fabrication system.
From the obtained data, the drop diameter is approximately 15 AE 1 μm, while the drop volume is approximately 1:76 pl. The deposited drop diameter of DDT-AuNPs measured under a microscope is 30 μm. Since the captured image is not in high resolution, an uncertainty of AE1 μm is estimated, which contributes ∼18% of error. For a solid content of the DDT-AuNPs of 2% weight per volume, the remaining thickness of each deposited DDT-AuNPs layer is 49:65 nm after annealing. A maximum of three layers is deposited, which give a total thickness of 0:15 μm. Increasing the number of layers beyond three results in the spreading of the fluidic and degradation in the resolution of the SRR structure.
Characterization and Discussion
A T-ray 2000 spectroscopy system (Picometrix, Inc.) is used in the transmission mode [14, 15] to characterize the samples. A sample is placed between the THz transmitter and the detector. The THz timedomain waveforms are acquired by recording the THz transmitted pulse at each sample orientation. Both the THz phase and amplitude as functions of frequency are acquired through a Fourier transform of the time-domain data. Absorbance is calculated from the time-domain measurements, which can be expressed as aðvÞ ¼ − lnðTÞ where T ¼ ðjE T j=jE o jÞ 2 is the electric field transmission referenced to THz spectra with the sample removed. jE T j and jE o j are the magnitudes of the THz electric fields for the sample and the reference, respectively. Figure 7 shows measured absorbance when the incident THz wave is normal to the sample plane. The sample is placed with the microstrips oriented at an angle of θ ¼ 0°, 30°, 60°, or 90°relative to the THz magnetic field. Note that θ ¼ 0°corresponds to where the microstrips are parallel to the E field while θ ¼ 90°corresponds to where the microstrips are perpendicular to the E field. This structure is shown to support frequency bands of 0.16, 0.53, and 0:76 THz for θ ¼ 90°structure orientation. Since the magnetic field lies completely in the SRR plane, the measured electromagnetic responses are solely attributed to the electric resonant response of the structure [16] . For θ ¼ 0°, neither the E nor the H field from the incident wave drives the SRR; thus, the absorbance is featureless. However, for θ ¼ 90°, with the SRR in plane, the E field drives circulating current and leads to increments of the absorbance. Since there is no component of the H field propagating into the ring of the SRR, neither magnetic resonance nor bianisotropic response occurs; thus, the resonances are solely electric [17] . The measurements were repeated with the structure oriented at θ ¼ 90°and then rotated from ϕ ¼ 0°to 60°, where ϕ is the angle between the sample plane and the incident k vector. For this sample orientation, the THz magnetic field of the THz wave has a component perpendicular to the sample. Figure 8 shows the data obtained from the measurement. Note that, for ϕ ¼ 0°, the resonance occurs at the same frequencies as in the previous measurement data, of θ ¼ 0°(see Fig. 7 ). For any ϕ angle with respect to sample plane, the electric resonance will be driven. With increasing the ϕ angle, the magnetic resonance will also be driven by a component of the H field along the axis of the SRR ring, where this encounters the bianisotropy effect. As the angle increases, the magnetic response of absorbance also increases due to the stronger H components. Also, Fabry-Perot interference due to the internal reflections between the stacking layers is obviously observed for large ϕ.
The calculation methodology of the effective parameters has been derived [18, 19] . Using material parameters of DDT-Au nanoparticles, the fabricated metamaterial samples were simulated using the commercial software CST Microwave Studio. The calculated absorbance of the metamaterial is shown in Fig. 9 . Because of resolution limitations in the microfluidic fabrication, the absorbance peak observed below 0:18 THz in Fig. 9 is relatively low compared to predictions. However, there is reasonable agreement between the data and the simulation.
Conclusion
The fabrication of flexible 3D DDT-AuNPs in the THz range is demonstrated. The structure size of 180 μm satisfies the effective medium theory condition that refractive effects dominate diffraction and scattering effects when the incident THz wavelength ranges from 3000 to 300 μm. The practice of stacking layers not only increases the conductivity of the sample, but also reduces the lattice length in the z direction, thereby making 3D metamaterials feasible. A maximum of three layers, with approximate thickness of 50 nm for each layer, are deposited, which limits the conductivity of the sample. Increasing the number of deposited layers leads to smearing of the fluidic and degradation in the accuracy of the SRR structure. 
